ABSTRACT This study aimed to investigate the effect of phytase and dietary Ca level on performance, phytate (inositol hexa-phosphate, IP6) concentration, and anti-oxidant enzyme activity in broilers exposed to cycling high environmental temperatures. A total of 2,970 day-old Cobb 400 male broilers were randomly allocated among 6 treatments, with 15 replicate pens, and 33 birds per pen. Corn-soy diets low in available phosphorus (avP, 0.15% matrix applied) were fed in 2 phases; starter (0 to 21 d) and grower (22 to 42 d). Diets were factorially arranged by 2 × 3, with adequate (0.90% starter, 0.80% grower) or low (0.60% starter, 0.50% grower) dietary Ca and phytase (0, 500, or 3,000 phytase units (FTU)/kg). Temperature was not regulated, but followed environmental changes determined by the summer season in India; 22 to 39
while only 3,000 FTU/kg phytase lowered (P < 0.01) feed conversion ratio (FCR) compared to the control. Birds fed low Ca diets had poorer (P < 0.01) weight gain (-33 g) and FCR (+0.04) than birds fed adequate Ca levels, suggesting that Ca was limiting in these diets. Phytase and low dietary Ca reduced the concentration of IP esters in the gastrointestinal tract of broilers. Lower IP6, IP5, IP4, and IP3 concentrations and increased myo-inositol provision was positively correlated to anti-oxidant enzyme activity in tissues. These results indicate that phytase can be used to alleviate the negative performance traits accredited to broilers under high temperature stress, potentially by reducing the antinutritive effect of IP6 and improving anti-oxidant status of birds. However, caution should be taken when reducing dietary Ca levels as improvements in IP6 degradation and anti-oxidant status cannot overcome the constraints on growth by diets that do not meet the Ca requirements.
INTRODUCTION
Elevated environmental temperatures lead to heat stress in broilers, portrayed by reduced performance and welfare of birds. Hot climates therefore impose considerable limitations on the broiler industry in tropical and subtropical regions (Yalcin et al., 1997) , particularly when standard breeds are used. The high metabolic activities of modern-day broilers bred for rapid growth have increased sensitivity to raised temperatures (Deeb and Cahaner, 2002; Settar et al., 1999) . Under high temperature environments, birds alter their behavioral responses by reducing feed consumption and movement, while increasing water consumption and panting (Mack et al., 2013) . Therefore, thermoregulation, by reducing body temperature, becomes the C 2018 Poultry Science Association Inc. Received June 22, 2018. Accepted December 6, 2018. 1 Corresponding author: Sophie.Lee@abvista.com primary goal of heat stressed birds, at the expense of growth.
In a number of species, including broiler chickens, heat stress can encourage generation of reactive oxygen species (ROS) and induce oxidative stress in tissues (Lin et al., 2006) . Anti-oxidant defense mechanisms protect cells against oxidative damage and repair systems that prevent accumulation of ROS (Altan et al., 2003) . Enzymes including superoxide dismutase (SOD), glutathione peroxidase (GSHP), and glutathione reductase (GSHR) act as a part of the anti-oxidant protective system (Duthie et al., 2007) . As such, SOD converts superoxide radicals into hydrogen peroxide and oxygen. In the presence of reduced glutathione (GSH), GSHP converts hydrogen peroxide into oxidized glutathione disulfide (GSSG) and water (Weydert and Cullen, 2010) . Subsequently, GSHR reduces GSSG, which consumes NADPH and produces GSH which can then be cycled back to GSHP. These 2 GSH enzymes therefore work in synergy to catabolize ROS and prevent oxidative stress in cells. Altan et al. (2003) reported increased SOD and GSH enzyme activities in the blood of heat stressed broilers.
Birds subjected to elevated environmental temperatures have reduced phosphorus (P) absorption and retention (Wolfenson et al., 1987; Belay et al., 1992; Belay and Teeter, 1996) , and therefore P requirement may also be altered. Moreover, studies have shown that fasted broilers previously fed a low P diet, when exposed to acute heat stress, have a reduced tolerance to high temperature than birds fed adequate P diets (McCormick et al., 1980; McCormick and Garlich, 1982) . Phytases are enzymes that degrade phytate (inositol hexa-phosphate, IP6) in feed, thereby releasing P which can be utilized by the animal for growth and skeletal health. Many studies have reported the positive effects of supplementing phytase in poultry diets low in available P (avP) (Silversides et al., 2004; Cowieson et al., 2006; Panda et al., 2007; Lee et al., 2017) . Moreover, Karadas et al. (2010) demonstrated improved anti-oxidant status of broilers fed low avP (0.25% vs. 0.45%) with 500 FTU/kg phytase and even more so with 12500 FTU/kg, while 250 FTU/kg showed no change relative to the non-supplemented control. These results suggest that higher doses of phytase may be required to enhance anti-oxidant enzyme activities, however this response is yet to be shown in stressed environments. The level of calcium (Ca) in the diet is also known to influence P absorption (Tamim et al., 2004) , with lower Ca diets increasing P uptake in the small intestine. A study by Ait-Boulahsen et al. (1993) also proposed that lowering dietary Ca can improve broiler tolerance to acute heat exposure. Therefore, regulating levels of these dietary minerals and understanding their interaction could have a considerable influence on broiler response to heat stressed conditions.
The objective of the current study was to investigate the possible role of an enhanced E. coli phytase at high inclusion rates as a stress alleviator in chickens when included in low available P (avP) diets. In addition, the buffering capacity of high Ca diets was assessed by altering Ca:P ratios of these low avP diets. Mechanisms of stress relief were evaluated by anti-oxidant enzyme activity and concentration of IP6, as well as its lower IP esters, in the gastrointestinal tract (GIT) of broilers.
MATERIALS AND METHODS

Animals and Housing
The conditions and standards of rearing animals used in this experiment were approved by the Institute Animal Ethics Committee.
A total of 2,970-day-old Cobb 400 male broilers were randomly allocated among 6 treatments. Experimental diets (Table 1) were fed in mash form from d 0 to 21 (starter) and d 22 to 42 (grower). The trial design was a 2 × 3 factorial; adequate (0.90% starter, 0.80% grower) or low (0.60% starter, 0.50% grower) dietary Ca and phytase (0, 500 or 3,000 FTU/kg). In all diets, avP was reduced by 0.15% so that diets containing 500 FTU/kg phytase were P sufficient, while diets without phytase were P deficient. The phytase used in this experiment was an enhanced Escherichia coli phytase (Quantum Blue; AB Vista, Marlborough, UK), with an expected activity of 5,000 FTU/g. All diets were formulated to meet or exceed NRC (1994) requirement for all nutrients except for level of dietary Ca and avP. Each experimental diet was randomly assigned to 15 replicate floor pens (providing 2.42 m 2 floor area) of 33 broiler chicks. Water and feed was provided ad libitum throughout the trial. During the starter phase, light was provided for 24 h, with 2 h dark periods per day being established in the grower phase. Temperature was not controlled in the housing unit and therefore was determined by environmental temperatures. Temperatures varied from 22 to 39
• C in the morning and 23 to 40
• C at night. Relative humidity ranged from 21 to 90% in the morning and 20 to 76% at night. Body weight and feed intake (FI) were recorded on a weekly basis per pen for determination of body weight gain (BWG) and feed conversion ratio (FCR). Analyzed nutrients in starter and grower diets are shown in Table 2 . Diets were stored at room temperature for approximately 9 months before analysis of phytase activity. However, analysis by ELISA (Table 2) confirmed phytase activity in accordance with supplementation and estimated storage loss.
Anti-oxidant Enzyme Activity
On d 21 and 42, 1 bird representing the mean body weight of the pen was euthanized by cervical dislocation. The left lobe of the liver and the spleen of each bird were collected and snap frozen in liquid nitrogen before storing at -40
• C until further analysis. The liver and spleen tissue were homogenized before measuring enzyme activities; GSHP (Paglia and Valantine, 1967) , GSHR (Cohen et al., 1970) , and SOD (Madesh and Balasubramanian, 1997) .
IP Ester Determination
At d 21, 8 birds from each treatment replicate were slaughtered by cervical dislocation. Digesta was collected from the gizzard and ileum, and immediately snap frozen in liquid nitrogen before storing at −40
• C. Gizzard and ileal digesta was dried at 70
• C for 24 h and ground to pass a 1 mm screen. Dried and ground digesta was then analyzed for phytate [inositol hexa-phosphate (IP6)], phytate esters [inositol penta-phosphate (IP5), inositol tetra-phosphate (IP4), inositol tri-phosphate (IP3), and inositol di-phosphate (IP2)] using highperformance ion chromatography, following methods of Blaabjerg et al. (2010) , which have been refined by the University of East Anglia.
For analysis of myo-inositol (MI), samples of dried, milled digesta (0.1g) were extracted in 5 mL of 20 mM EDTA, 100 mM NaF, pH 10, on a rotary shaker for 2 Phytase was included at 0, 500, or 3,000 FTU/kg diet at the expense of corn ('inert'). 15 min followed by sonication in a bath sonicator for 15 min. The samples were held at 4
• C for 2 h before centrifugation at 14,000 x g for 15 min. The supernatant was filtered through a 13 mm x 45 μm pore PTFE filter (Kinesis Ltd, UK) and diluted 50-fold in 18.2 MOhm·cm water. Subsequently, MI was then determined by HPLC pulsed amperometry (HPLC-PAD) on a gold electrode at 30
• C after separation by 2-dimensional HPLC (Dionex DX-600 HPLC System), as described by Lee et al. (2018) .
Statistical Analysis
Experimental data was analyzed as a completely randomized 2 × 3 factorial design using the Fit Model platform of JMP 13.0 (SAS Institute, Cary, NC). Pen served as the experimental unit for all parameters measured. The statistical model included dietary Ca level, phytase dose, and the interaction between these factors. Significant means were separated using t-tests, with significance being accepted at P < 0.05. Initial body weight was significantly affected by treatment and therefore was added as a covariant in the statistical model for all performance parameters. Mortality was analyzed using non-parametric Wilcoxon Rank Sum (Ca level) and Kruskal-Wallis (phytase level) tests. Correlations between phytate, phytate esters, inositol, and growth performance, and anti-oxidant enzyme activity were performed using the multivariate platform. Significant correlations were determined with pairwise comparisons. Significance was accepted at P ≤ 0.05.
RESULTS
Performance
The effect of dietary Ca level and phytase on performance of broilers exposed to high temperatures is shown in Table 3 . Initial body weights varied with allocated phytase dose (P < 0.05), with birds selected for the 3,000 FTU/kg phytase treatment groups having heavier average weights than controls. However, when added as a covariant in the statistical model initial body weight had no effect on d 21 or d 42 performance parameters. At d 21, increasing phytase dose increased (P < 0.001) BWG by 65.4 g in 500 FTU/kg phytase diets compared with birds fed the control and by a further 22.6 g in 3,000 FTU/kg phytase fed birds, which was greater (P < 0.05) than birds fed 500 FTU/kg. FI was increased (P <0.05) in phytase fed birds compared to the control and to a similar extent for both phytase doses. Moreover, FCR was reduced (P < 0.05) by 2% and 4% with increasing phytase dose from 500 FTU/kg and 3,000 FTU/kg, respectively. Dietary Ca also influenced (P < 0.001) d 21 FCR, with low Ca diets increasing FCR compared to adequate Ca diets.
Over the entire experimental period (D 0 to 42), both doses of phytase increased (P < 0.001) BWG and FI of birds, with only 3,000 FTU/kg phytase reducing (P < 0.01) FCR (-0.02) compared to the control. Birds fed low Ca diets had poorer (P < 0.01) BWG (-33 g) and FCR (+0.04) than birds fed adequate Ca levels. There was no Ca x phytase interaction at any period, indicating that these variables were working independently of each other. Results show a reduction (P < 0.01) in d 21 mortality with phytase, however, this phytase effect was not present at d 42. Birds fed low Ca diets also tended (P < 0.08) to have lower mortality at d 42 than birds fed adequate Ca diets.
Anti-oxidant Enzyme Activity
The effect of dietary Ca and phytase level on liver anti-oxidant enzyme activity is shown in Table 4 . At d 21, a Ca x phytase interaction (P < 0.05) was shown for GSHP, where birds fed low Ca diets supplemented with 3,000 FTU/kg phytase had higher liver GSHP activity than all other treatments. Phytase also had a significant effect on liver GSHR (P ≤ 0.001) and SOD activity (P ≤ 0.01), whereby either dose of phytase increased GSHR and only 3,000 FTU/kg increased SOD, compared to the control. Ca level tended (P = 0.06) to have an effect on liver GSHR, with lower dietary Ca levels increasing GSHR activity. Conversely, at d 42, phytase appears to lose its effect on these enzymes, while Ca level becomes a greater influencing factor. Low dietary Ca increased (P < 0.05) liver GSHP activity, while reducing (P < 0.01) liver SOD. A Ca x phytase interaction was evident (P ≤ 0.001) for liver GSHR. In non-phytase diets, low Ca increased liver GSHR activity compared to the high Ca diet. Addition of 500 FTU/kg phytase increased activity of liver GSHR in Table 5 . At d 21, a Ca x phytase interaction was evident for spleen GSHP (P < 0.001) and SOD (P < 0.05). For non-phytase fed birds, low dietary Ca increased spleen GSHP activity compared to adequate Ca diets. Addition of phytase to the adequate Ca diet had no effect on spleen GSHP but caused a reduction in activity when added to the low Ca diets. Birds fed low dietary Ca with 3,000 FTU/kg had higher spleen SOD activity than all other treatments. At d 42, birds fed low Ca diets had greater (P < 0.05) spleen GSHP, GSHR, and SOD activities than birds fed adequate Ca diets. Birds fed 3,000 FTU/kg phytase had higher spleen GSHP, and GSHR activities than the control, while birds fed 500 FTU/kg were not significantly different from that of the control. Phytase had no significant effect on SOD activity in the spleen at d 42.
Inositol Phosphate Concentration
A Ca x phytase interaction (P < 0.05) was shown for IP ester content in the gizzard of broilers (Table 6). Content of IP6 and IP5 in the gizzard was lower (P < 0.05) in diets supplemented with phytase irrespective of Ca level or phytase dose, compared to nonsupplemented control diets. Gizzard IP4 content was greatest in birds fed the low Ca diet in the absence of phytase and reduced (P < 0.05) in birds fed phytase diets. While at each phytase dose, Ca level did not affect IP4 content, increasing phytase dose from 500 to 3,000 FTU reduced IP4 content in the adequate Ca diet (0.9%) but not in the low Ca diet (0.6%). IP3 content was higher (P < 0.05) in birds fed adequate Ca diets with phytase at both doses, compared to the diets without phytase and phytase supplemented low Ca diets. Gizzard MI content was greatest (P < 0.05) in birds fed adequate Ca diets with 3,000 FTU phytase, followed by low Ca diets with 3,000 FTU phytase, diets with 500 FTU phytase at both Ca levels, and lowest in non-supplemented control diets.
Similarly, a Ca x phytase interaction (P < 0.01) was also shown for IP ester content in the ileum of broilers (Table 7) . Ileal IP6 and IP5 content was greatest (P < 0.05) in the high Ca non-phytase diet, and lowest in birds fed 3,000 FTU phytase irrespective of dietary Ca level. IP4 and IP3 content was also greatest (P < 0.05) in the high Ca control diet, with addition of phytase significantly reducing levels of these IP esters. However, supplementation of phytase to the low Ca diet had no effect on IP4 and IP3 content in the ileum. Ileal MI content was lowest (P < 0.05) in birds fed high Ca control diet, with phytase addition to this diet increasing MI content. However, only birds fed low Ca plus 3,000 FTU phytase diets had higher (P < 0.05) ileal MI than birds fed low Ca control diet.
Correlations were determined for 21 d-old broiler IP ester content in digesta and anti-oxidant enzyme activity (Table 8) , to examine whether any of these responses were correlated. Results indicate that MI content in the gizzard and ileum were positively correlated (P < 0.05) with GSHR, GSHP, and SOD activity in the liver, and only SOD activity in the spleen. In contrast, IP6 and IP5 concentrations were negatively correlated (P < 0.05) to the activity of these enzymes. Moreover, IP4 content in digesta was in general negatively (P < 0.05) correlated to anti-oxidant enzyme activity in the spleen and liver. Content of IP3 in the gizzard and ileum had no effect on enzyme activity in the spleen. However, gizzard IP3 content was positively correlated (P < 0.01) to liver SOD activity, while ileal IP3 content was negatively related (P < 0.05) to liver GSHR, GSHP, and SOD activity. The relationship between IP ester content and antioxidant enzyme activity was then tested against broiler performance at d 21 (Table 9 ). Inositol content in the gizzard and ileum was positively correlated (P < 0.001) with BWG and FI, and negatively corrected (P < 0.05) with FCR. Conversely, higher concentrations of IP6 to IP3 in the gizzard and IP6 to IP4 in the ileum were negatively correlated (P < 0.001) with BWG and FI, and positively correlated (P < 0.1) with FCR. Moreover, BWG was positively correlated to liver GSH (P < 0.001) and spleen SOD (P < 0.05) activity. Similarly, FI was positively correlated to GSHR (P < 0.001) and GSHPx (P < 0.05) activity in the liver, as well as SOD (P < 0.01) activity in the spleen. Furthermore, FCR was negatively correlated (P < 0.05) to liver GSHR activity.
DISCUSSION
Broiler growth performance is highly sensitive to the environment. Optimal environmental temperatures for broilers depends on the breed, however the comfort zone for Cobb broilers declines from around 34 • C at hatch to 18
• C at 6 wk of age (Cobb, 2012) . Depressed FI and weight gain in poultry raised in high ambient temperatures has been shown in a number of studies (Daghir, 2008) . In the present study, environmental temperatures reached between 22
• C and 40
• C at the beginning and end of the day, respectively. Although, temperatures reaching 22
• C would be considered below the comfort zone for young chicks, temperatures still exceeded the comfort zone during the day, thereby imposing heat stress conditions. These cycling environmental temperatures may also cause more stress for the bird than maintaining a constantly high temperature (Yahav et al., 1996) . In the current study, cycling high temperatures slowed growth and reduced FI of broilers in all treatments, compared to breed standards.
Digestibility of feed has also been shown to decrease with increasing ambient temperatures, which may limit the amount of nutrients available for growth (Bonnet et al., 1997) . IP6 in feed is able to form insoluble complexes with other minerals and amino acids (Humer et al., 2015) , thereby reducing their availability for digestion and increasing excretion. De-phosphorylation of IP6 by exogenous phytase, not only releases P, but reduces its anti-nutritive effect on minerals and protein thus leading to improved growth (Woyengo and Nyachoti, 2013) . This was supported in the current study, with addition of phytase to diets significantly increasing weight gain and feed intake in broilers raised under cycling high temperatures. As avP was reduced by 0.15% in all treatments, the improvement between 0 and 500 FTU/kg phytase can be associated with a correction in the P level of the diet, while further advancements from 500 to 3,000 FTU/kg are likely to be associated with the anti-nutritional effect of phytate, as P would not have been limiting in these diets. Improvements in FCR were also evident, indicating more efficient conversion of feed to body weight, most likely driven by enhanced digestibility as feed intake was comparable between both phytase treatment groups. Although nutrient digestibility was not measured in the present study, concentration of IP6 and its lower esters was determined in the gizzard and ileum of birds. Improvements in protein and mineral digestibility have been associated not only with the destruction of IP6, but also the lower IP esters (Yu et al., 2012; Beeson et al., 2017) . Supplementing diets with standard doses of phytase (comparable to the 500 FTU/kg phytase in the current study) considerably reduces intestinal IP6 concentrations, while increasing the appearance of lower IP esters (Walk et al., 2014) . Higher phytase inclusion rates are required to further dephosphorylate the MI ring thereby reducing IP4 concentrations and increasing MI (Walk et al., 2018) . This was supported in the current study, as results demonstrated reduced concentrations of IP6 and its lower esters with subsequently higher MI concentrations with increasing phytase dose. Although IP4 would not be expected in the control diet without phytase, it should be noted that these diets were mash and thus would contain some cereal phytases.
MI has a number of essential functions within the animal, being a major component of cellular phospholipids and engaging in several signaling pathways that regulate cell growth and survival (Huber, 2016; Lee and Bedford, 2016) . The importance of dietary MI for growth in poultry was first demonstrated by Hegsted et al. (1941) . More recently, supplementation of broiler diets with MI has shown significant improvements in BWG (Zyla et al., 2004) and feed conversion of broilers (Cowieson et al., 2013; Sommerfeld et al., 2018a) . It was estimated by Lee et al. (2017) that MI provides approximately 1/3 of the total BWG or FCR response to high phytase inclusion rates, signifying the importance of MI provision in addition to other 'extra-phosphoric' effects associated with increased phytase doses (Walk et al., 2013) .
A previous study by McCormick et al. (1980) demonstrated that lowering P in the diet significantly reduced survival time of 24 h fasted broilers exposed to acute heat stress. The study also demonstrated a correlation between plasma P concentration and body temperature, indicating the potential relationship between dietary P and tolerance of broilers to high environmental temperatures. However, no effect of dietary phosphate level was evident when birds were fasted for 12 h, suggesting that this dietary interaction with body temperature is not relevant when feed is present in the GIT. Although, it should be noted that birds in the latter study were receiving 0.55 or 0.35% available P throughout the experimental period (approximately 28 days) and therefore even the low P diet most probably was meeting requirements at the time of exposure to heat stress. In the current study, it is possible that the starter diet was deficient in avP with expected levels of 0.30%, while the grower diet was probably at requirement for the growth phase. Although birds were not fasted and were exposed to chronically high temperatures, this might explain why addition of phytase had a greater effect on mortality during the starter phase.
Maintaining high Ca levels in low P diets can have a detrimental impact on phytase efficacy (Walk, 2016) , as a result of increased gastric pH, precipitation of P and potentially IP6, thereby making P even more limiting in the diet (Bedford and Rousseau, 2017) . This was supported in a study by Walk et al. (2012) , which demonstrated that a reduction in a highly soluble Ca source from 0.90 to 0.45% in the diet linearly enhanced ileal P digestibility and improved FI and weight gain of 21-day-old broilers. Moreover, Sommerfeld et al. (2018b) , reported poorer weight gain and FCR of broilers fed higher dietary Ca (1.03% vs. 0.62%) in a low P diet (0.41%). However, these findings were not supported in the current study, as birds fed low Ca diets (starter, 0.6%; grower, 0.5%) had poorer weight gain and FCR compared birds fed adequate Ca levels (starter, 0.90%; grower, 0.80%). Feed analysis results indicate that the level of Ca in diets was lower than formulated for all treatments. Therefore, low Ca diets had even lower analyzed Ca levels (approximately 0.55 and 0.44% for starter and grower diets, respectively) than expected, which might have limited bone mineralization and therefore growth in these birds (Hurwitz et al., 1995) . Analyzed Ca values in the starter and grower adequate Ca diet were around 0.73% and 0.63%, respectively, which is comparable to the low Ca diets in the aforementioned studies and thus may have been low enough to prevent a negative performance response associated with higher dietary Ca levels.
Addition of phytase to the diet significantly increased BWG and feed intake of broilers exposed to high environmental temperatures. However, even the highest dose of phytase did not bring weight gain of broilers fed the low Ca diets back to that of those fed adequate Ca also supplemented with 3,000 FTU/kg phytase, indicating the limiting effect of low Ca in these diets. Sebastian et al. (1996) reduced Ca level in a phytase supplemented diet from 1.0 to 0.6% without any negative effect on growth performance and mineral utilization of broilers. Moreover, Amerah et al. (2014) demonstrated greater P digestibility and weight gain in broilers fed lower Ca (0.40 and 0.60% vs. 0.80 and 1.0%) levels in 0.28% avP diets with 1,000 U/kg phytase. However, analyzed Ca levels in the latter study were higher than expected (0.51, 0.68, 0.91, and 1.30%, respectively), and therefore may not have limited Ca for birds fed the lowest level.
In the ileum of control fed birds, the concentration of IP6, IP5, and IP4 was considerably greater in birds fed higher Ca diets. Addition of 500 FTU/kg phytase markedly reduced the content of IP6, IP5, and IP4 in the ileum, however levels were still above those fed low Ca diets. These results might suggest that higher levels of Ca are chelating with these IP esters, and therefore higher phytase inclusion rates are required to prevent this interaction. This was demonstrated by addition of 3,000 FTU/kg phytase which brought IP6 to IP4 levels back in line with low Ca diets. However, MI levels remained higher in the low Ca diets irrespective of phytase dose. Similarly, Sommerfeld et al. (2018b) also found higher MI concentrations in the ileum of broilers fed lower Ca diets (0.62 vs. 1.03%) with or without 1500 FTU/kg phytase. This also correlated to MI content in the blood, suggesting that lower Ca supports MI provision to the animal.
In response to heat stress, activity of the anti-oxidant enzymes, GSHP, and SOD, have been shown to increase in broilers (Altan et al., 2003) . These enzymes function to protect cells against oxidative damaged and catabolize ROS generated during a heat stress challenge (Lin et al., 2006 ). In the current study, 42-day-old birds fed low Ca diets had increased activity of GSHP and GSHR in the liver and spleen. SOD activity was 22% lower in the liver, while 52% greater in the spleen of birds fed low Ca diets compared to adequate Ca diets. This would suggest that catabolism of ROS was heightened in the spleen of birds fed lower Ca diets. The question remains whether an increase in anti-oxidant enzyme activity is indicative of greater oxidative stress or improved oxidative status. Ramnath et al. (2008) reported increased anti-oxidant enzyme activity and lipid peroxidation levels in the liver of heat stressed chickens, signifying greater oxidative stress in birds. Addition of a suggested antioxidant (Brahma Rasayana) derived from plant extracts further enhanced activity of these enzymes, however this also correlated with a reduction in lipid peroxidation levels, indicating improved oxidative status of birds.
In mammals, the SOD family is characterized by 3 highly compartmentalized enzymes (Zelko et al., 2002) ; copper-zinc (Cu-Zn)-SOD is found primarily in the intracellular cytoplasm, manganese (Mn)-SOD is located in the mitochondria and EC-SOD, also containing Cu and Zn, is situated in extracellular spaces. In the liver of chickens, both Cu-Zn-SOD and Mn-SOD enzymes have been identified and isolated (Weisiger and Fridovich, 1973) . These SOD enzymes require the specific mineral co-factors Cu, Zn, and Mn for optimum activity. It has been previously shown that IP6 and its lower esters can chelate to these minerals (Persson et al., 1998; Maenz et al., 1999; Lönnerdal, 2002) , thereby making them unavailable to the animal. As previously discussed, birds fed lower dietary Ca in the current study had lower IP6 concentrations, which may have reduced IP6-mineral interactions and therefore increased availability of Cu, Zn, and Mn for incorporation into SOD. A similar response would have been expected from supplementing phytase in the diet (Singh, 2008) , since IP6 concentrations were considerably improved with phytase. Karadas et al. (2010) have previously shown improvements in anti-oxidant status of broilers at 21 d, with addition of phytase increasing the concentration of coenzyme Q 10 in the liver. In the current study, however, the phytase effect on anti-oxidant enzyme activity in the spleen and liver was inconsistent. For example, at 21 d GSHP activity in the spleen was almost halved with addition of phytase to the low Ca diet, while SOD activity doubled with 3,000 FTU/kg phytase compared to the non-phytase control. Whereas in the liver, GSHP activity was unaffected by 500 FTU/kg phytase yet increased with addition of 3,000 FTU/kg phytase to the low Ca diet.
Therefore, to better clarify anti-oxidant enzyme response to phytase, correlations were made between anti-oxidant enzyme activity and the products of IP6 degradation. MI content in the gizzard and ileum was positively correlated to GSHR, GSHP, and SOD activity in the liver, and SOD activity in the spleen. However, IP6 and IP5 content had the opposite effect on the activity of these enzymes, as did IP4 and IP3 but to a lesser extent. These results may suggest that reducing the content of higher IP esters and subsequently increasing MI could have a positive effect on anti-oxidant enzyme activity in the animal, possibly by improving nutrient digestion and absorption. Although both phytase and low Ca diets showed improved IP6 concentrations in the GIT, the performance response was somewhat conflicting. This was possibly due to the fact that birds fed the low Ca diets were compensating for these very low Ca levels at the expense of growth. Nevertheless, phytase fed birds performed better than the non-supplemented controls which might be partly due to an improved oxidative status of birds. Therefore, the relationship between performance, IP ester concentrations and anti-oxidant enzyme activates was assessed. In the gizzard, reducing the concentration of IP6 to IP3 was shown to be important for performance of birds. While in the ileum, IP3 becomes more positive and IP6, IP5, and IP4 remain negatively correlated to performance. This signifies the importance of removing the majority of the higher IP esters in the gizzard, so that levels entering the ileum are lower and inositol release is greater. Results also showed that GSHR activity in the liver and SOD activity in the spleen were highly correlated to increased performance of birds. As previously discussed, anti-oxidant enzyme activities were negatively correlated to IP ester concentration in GIT. Therefore, improved phytate degradation and inositol release may have upregulated activity of these enzymes, which subsequently supported performance of broilers in this study.
CONCLUSIONS
To conclude, supplementation of phytase improved performance of 42 d broilers raised under high ambient temperatures. This was attributed to enhanced IP6 degradation by phytase, thereby reducing the antinutritive effect of IP6. Reduced IP6 concentrations and increased MI in the GIT was associated with enhanced anti-oxidant enzyme activity, indicating improved oxidative status of birds. Broilers fed low Ca diets also demonstrated improved IP6 concentrations and antioxidant enzyme activity than birds fed adequate Ca diets. However, this did not translate into superior broiler performance, suggesting that Ca was limiting in these diets.
